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Correct understanding of aerosol deposition and behavior in human respiratory tract is crucial 
for the efficient delivery of medication and health protection. This bachelor thesis analyses 
deposition of 1µm particles in realistic and idealized lung geometry, from data previously 
acquired by positron emission tomography (PET) and computed tomography (CT). 
 
PET and CT scans were imported into Carimas 2.0 software which was used to obtain value of 
volumetric radioactivity. Corrections were applied to the acquired values and consequently, 
deposition characteristics were calculated and reviewed. Data was also compared to previous 
studies.  
 
Methodology of analyses and calculations was validated by duplicity of scans and their 
analyses, and repetition of analyses by another trained person which confirmed its good stability 
and credibility of use. Described procedure can serve as an example of possible way to process 
PET and CT data in Carimas software. Obtained detailed information about deposition and 
numerous deposition characteristics can be used for comparison in future studies, experiments, 
or used as data for validation of computer modeled deposition. Based on deposition results, 
inertial impaction was confirmed to be the dominant deposition mechanism in realistic model 










Správne pochopenie depozície aerosólu a jeho správania v dýchacích cestách človeka je 
nevyhnutné pre zabezpečenie efektívneho podávania medikamentov a ochranu zdravia. Táto 
bakalárska práca analyzuje usadzovanie 1 µm častíc, v realistickom a idealizovanom modely 
pľúc na základe dát získaných pozitrónovou emisnou tomografiou (PET) a počítačovou 
tomografiou (CT). 
Dáta z PET a CT skenerov boli nahrané do softvéru Carimas 2.0, ktorý bol použitý na získanie 
hodnôt objemovej rádioaktivity. Získané hodnoty boli skorigované a následne boli vypočítané 
depozičné charakteristiky. Výsledky boli okomentované a porovnané s predchádzajúcimi 
štúdiami. 
Vhodnosť spôsobu analýzy a výpočtov bola kontrolovaná opakovanou analýzou dát a taktiež 
zopakovaním celého postupu analýzy nezávislou zaškolenou osobou, čím bola potvrdená 
stabilita a vhodnosť tejto metódy. Popísaný postup môže slúžiť ako podpora pri spracovávaní 
PET a CT skenov v programe Carimas. Podrobné informácie o depozícii a niekoľko 
depozičných charakteristík môžu slúžiť pre porovnania s budúcimi štúdiami, experimentmi 
alebo môžu byť použité pri validácii dát pre počítačom modelovanú depozíciu. Na základe 
výsledkov môžeme tvrdiť, že hlavným depozičným mechanizmom pre realistický model pľúc 
je zotrvačný mechanizmus a zmena prietoku aerosólu idealizovaným modelom má len veľmi 
malý vplyv na depozíciu.  
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1 Introduction  
 
Deposition of particles in human airways has always been a complex topic. However, 
understanding of particle deposition is inevitable for using lung as a route for delivery of 
aerosolized medication and to ensure sufficient protection from toxic particles. One of the 
obstacles on the way to understand what really happens and how to make particles deposit in 
specific place, is an extreme complexity of human lungs. It is one of the most complicated 
organs in human body, composed of 300-500 million alveoli and surface area of 100 m2. On 
the other hand, large absorptive surface allowing high absorption rates makes it an organ of 
interest for continuous studies. Its potential lies in the possibility of easy, quick, cheap, 
comfortable (e.g. needle-free) and effective treatment. Not only could it be used to treat 
respiratory tract connected diseases, but also to deliver a systemic effect of therapeutic aerosols 
which brings relief from other health issues (Nahar et al., 2013). Because the cure for different 
types of diseases requires drug particles to deposit in different regions of lungs, the key factor 
to effective treatment is localized aerosol delivery. Possibility to control the amount and area 
of deposited medication is essential in the pursuit of optimal and safe treatment (Cheng, 2014). 
Intricate relationship between particle size, density, inhalation regime and inter-subject 
structural configuration determines the amount and place of deposition (Grgic et al., 2004). 
There are five mechanisms by which deposition in lung can occurs: inertial impaction, 
sedimentation, diffusion, interception and electrostatic precipitation. Inertial impaction, 
sedimentation, diffusion are the leading causes of deposition (Figure 1). The purpose of this 
bachelor thesis is to analyze data of deposition in model of human lungs which has been 
acquired by positron emission tomography (PET) and provide additional information for better 
understanding of particle deposition in human lungs. 
 
. 
Figure 1: Main deposition mechanism in human lungs related to particle size. Smaller 
particles tend to deposit generally by diffusion in lower part of respiratory tract, while bigger 
particles deposit mainly by inertial impaction in larger airway. Gastrointestinal tract is 
omitted in the diagram (Carvalho et al., 2011).  
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2 Radionuclide imaging 
 
2.1 Gamma scintigraphy 
 
The first gamma camera was invented and used by Hal Anger, an electrical engineer from 
California around 60 years ago (Wagner, 2003). Since then, gamma scintigraphy has been used 
up to date. It has been extensively used for distribution and delivery efficiency studies. Usually, 
the process of radiolabeling involves adding radionuclide to the solution used for the 
experiment. The most frequently used radionuclide for this type imaging is Technetium 
(99mTc, half-life of 6 h). It has wide application in nuclear medicine for diagnostic testing. 
Other alternatives include Indium (111In, half-life of 68 h) and, very rarely, Iodine (123I, half-
life of 13.3 h). These radionuclides are mostly used for in vivo experiments when the long-term 
deposition and clearance is tested (Conway, 2012). 
 
The images in gamma scintigraphy are provided by single-headed or dual-headed gamma 
cameras (Figure 2). Produced images can deliver relevant information about the distribution of 
the radiolabeling agent in the organ of interest. It is very common to divide lungs into sections 
of interest and to determine the specific region, in which the particles have deposited. This is 
done by computer programs (Carvalho et al., 2011). However, a number of different algorithms 
may be used to determine the regional distribution of the drug which requires dividing model 
between 2 to 10 regions. The size and shape of regions of interest shows a considerable variation 
between laboratories. These variations cause a major problem in comparing data, which is one 
of the first drawbacks of the gamma scintigraphy (Scheuch et al., 2010).  Another problem 
occurs with a projection of 3D structure into 2D image. This may cause an overestimation of 
the deposition due to overlapping airways (Carvalho et al., 2011). Investigation of the methods 
for extracting 3D information from 2D data had been made but has not yet been fully 





Figure 2:Single-headed gamma camera (Ergo, 2011). 
 
Gamma scintigraphy has large body of literature in the deposition studies and is the mainstay 
for the in vivo determination of lung deposition. Despite its wide use, its usefulness is strictly 
limited. The only advantage that can be taken into consideration when talking about this method 
is its simplicity. Gamma scintigraphy has lost a good deal of importance in the last 
decade (Berridge et al., 2003). Therefore, the methods such as single photon emission 
computed tomography (SPECT) and PET are being used to overcome errors caused by planar 
imaging of 3D structures increasingly nowadays (Carvalho et al., 2011). 
 
2.2 Single photon emission computed tomography  
 
The information provided by Gamma scintigraphy is significantly limited due to fact that the 
outcome is only 2D. Therefore, SPECT is used to overcome this problem and provide more 
reliable information because the deposition is not viewed as compressed 2D image. Contrary to 
the planar sections which are based on pixels, 3D structure is divided into volumes of interest 
(voxel) (Carvalho et al., 2011). Using the same radiolabeling method as Gamma scintigraphy, 
commonly used radionuclide is also the same. 99mTc is suitable because it provides stable 




Figure 3:Comparison of planar imaging and SPECT (Researchgate, 2004). 
 
In SPECT, unlike in gamma scintigraphy, the camera is not taking interior and posterior pictures 
but rotates around the subject at 360° and collects data (Figure 3). The pictures are then 
processed and converted into 3D structure (Nahar et al., 2013). However, this process takes 
time, which can be sometimes longer than acceptable (more than 15 min). Therefore twin-
headed or triple-headed cameras have been used to shorten the time of scanning and minimize 
the impact of absorption and clearance (Carvalho et al., 2011). Advantages of the usage of 
multi-headed SPECT cameras include the increased sensitivity of the system and the possibility 
of reducing amount of radiation (in half when using a dual-headed camera) (Newman and 
Wilding, 1999). However, the statistical quality of quickly acquired data by multi-headed 
SPECT cameras is limited (Conway, 2012). 
 
The main part of the SPECT system consists of detectors. They collect the high-energy photons 
emitted by radiolabeled object, estimate the photon energy, its location and provide the data for 
image reconstruction. There are different types of such detectors. Scintillation camera i.e. anger 
camera, consisting of single crystal. Scintillation crystals i.e. pixelated camera as opposed to 
the previous example uses a large number of crystals, therefore more compact design of detector 
can be achieved. High counting rates can be perceived by this detector, but there is possibility 
of degrading an energy resolution. Different SPECT system has been introduced lately, using a 
semiconductor/solid-state detector. Main advantage is improved count sensitivity, energy 
resolution and spatial resolution (Holly et al., 2010). 
 
For the reconstruction of SPECT image, it is not only important to detect as many photons as 
possible but also to acquire an incident direction of each count. The external collimator is used 
for this purpose. Only a specific direction or a small range of directions is detected. Emitted 
photons which are outside the range of incident angles are absorbed by collimator ( 
Figure 4). By restricting the number of photons and shortening the range of incident angles, it 
is possible to obtain higher resolution but at the expense of sensitivity. This resolution versus 
sensitivity trade-off is making collimator significantly affect image quality. Examples of 
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collimators used in SPECT systems include: parallel-hole collimator, sweeping parallel-hole 
collimator, converging collimator, multi-pinhole collimator and others. Collimators and 
detectors are then attached to the gantry which rotates the anger cameras and combined with 
other components, create the whole SPECT system (Holly et al., 2010). 
 
 
Figure 4 : Acquisition of SPECT data. Only photons with required directions pass the 
collimator (Scielo, 2005). 
 
SPECT has been recently used for multimodal imaging. In the past, prior to SPECT images, 
anatomical images had to be obtained by CT or MRI, which were not part of a SPECT scanner. 
Images had to be aligned with those acquired by SPECT, in order to be used. Nowadays, 
combined SPECT-CT scanners (Figure 5) have become more common, allowing the scans to 
be obtained without moving of the subject or model and improving their alignment. (Fleming 
et al., 2011). 
 
Figure 5 : Combined SPECT-CT scanner (Ge Healthcare, 2004). 
Advantages of SPECT over planar imaging are indubitable. Unfortunately, SPECT also carries 
some disadvantages. In the past, SPECT brought longer imaging times, larger amounts of 
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radiotracer, higher price level and more difficult analysis, compared to gamma scintigraphy 
(Newman and Wilding, 1999). Though, there has been a significant change in recent years. 
Number of SPECT scanners is higher than number of planar devices, scanning-time is being 
reduced, SPECT can be done sometimes more easily than planar study and information 
provided is qualitatively and quantitatively improved. It is technological progress, what is 
making SPECT more available, cheaper and producing more relevant data in shorter time 
(Berridge et al., 2003). 
 
2.3 Positron emission tomography  
 
Positron emission tomography (PET) is becoming a commonly used imaging tool in nuclear 
medicine nowadays. Its main use is in clinical oncology, mostly to monitor the treatment and 
staging of cancer over time. The scanning agent concentrates in metabolically hyperactive 
tissue e.g. tumors and inflamed areas, therefore these areas can be identified. PET has been used 
for monitoring processes in lungs, including blood flow, drug metabolism, particle deposition, 
regional distribution etc. (Scheuch et al., 2010). It is also possible to use this imaging method 
for gathering information about particle deposition in models of human lungs (Lizal et al., 
2012). 
 
PET method requires labeling of the drug with positron-emitting isotope. These mostly include 
11C, 13N, 15O, 18F, and 64Cu and their half-lives vary from 2 min up to 12.7 h. (Scheuch et 
al., 2010). After the decay of chosen radio-isotope, the positrons are emitted and produce two 
high-energy photons by annihilating with electrons. Photons are propagating simultaneously, 
at approximately 180° to each other. These photons are detected and an event is recorded 
(Figure 6). Sum of such events then results in approximate quantities of the radio-isotope 
distribution (Nahar et al., 2013). Detection of this event is made by PET scanner. The scanner 
consists of an array of detectors in the shape of the ring which surrounds the area of detection.  
Avoiding of lead collimation in the detector results in possibility of detecting picomolar 
concentration of the radiolabeled drugs because of high sensitivity. Afterward a 3D deposition 




Figure 6: Principle of PET imaging and scheme of PET scanner (Frontiers, 2013). 
 
While the SPECT and gamma scintigraphy uses surrogate markers to radiolabel the 
formulation, PET is functional imaging method which chemically incorporates the radiolabels 
into drug molecule. It can be used to provide information about bio distribution and in vivo 
pharmacokinetics. It can also be used to monitor the clearance and changes in distribution which 
is a strong advantage of the PET, because such data is hard or impossible to acquire by SPECT 
or other imaging methods (Berridge et al., 2003). The short half-life of applied radionuclide 
allows a greater amount to be used and shortens the time of scanning. On the other hand, use of 
radionuclide leads to some disadvantages. The short half-life creates a necessity to have 
cyclotron close by, due to quickly decaying radiotracer which causes a time pressure. The 
another disadvantage is complicated use, complex radiolabeling and the running and capital 
costs, by far higher than the costs of planar imaging or SPECT (Newman and Wilding, 1999). 
Another issue appears when talking about comparing and validation of the data. Hence, more 
laboratories should use this method, so that fundamental questions connected to the clearance 
and deposition can be answered (Scheuch et al., 2010). 
 
There has been a significant progress in multimodal PET-CT and PET-MRI imaging lately. 
PET and CT imaging which is done simultaneously, can be a source of precise information 
about accumulation of radiotracer. The advantage of PET-CT and PET-MRI is the fact that the 
radiation dose is reduced. There has not only been progress in implementing multimodal 
imaging, but also the way of combining PET and CT or MRI scanners has experienced technical 
improvements (Park et al., 2012). Two imaging devices mounted in series are used for PET-
CT scanner. First, a CT scanner is used, promptly followed by a moving the object or the body 
to the PET gantry (Venegas et al., 2013). There are several possibilities in mounting and 
combination of PET-MRI systems.  PET scanner (Figure 7) can be either put inside the MRI 
scanner or inserted between MRI gradient coils. Other approach can be e.g. rotating subject 
holder, which transports the subject between standard system of PET and MRI scanners to 




Figure 7: PET scanner (Phillips, 2008).  
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3 Optical imaging 
  
3.1 Phase contrast optical microscopy  
 
Phase contrast optical microscopy (PCOM) is typically used for monitoring airborne fiber 
concentrations and deposition in respiratory tract (Who, 1997). Even though, fibers are usually 
the particles of interest for this method, it can also be used for other types of particles e.g. 
spherical particles. (Belka et al., 2014) 
 
Membrane filter method is the recommended method for the use of PCOM, mostly because of 
the possibility to compare the results from different laboratories. However, differences easily 
occur due to systematic and random components, such as alterations in sample preparation, 
optical microscopy, calculations and mainly by the microscopist who analyses the samples and 
counts the fibers. These can only be eliminated by implementing standard procedures and 
formation of reproducible routine.  
 
For this method, a fiber which should be taken into consideration during counting, is defined 
as object with a length longer than 5 µm, a width shorter than 3 µm and a length to width ratio 
larger than 3: 1. The PCOM method is limited when the samples contain flat or needle-shaped 
particles and there is not enough knowledge about the atmosphere where the sampling took 
place. It is also not possible to use this method to distinguish between different fiber types, 
because it does not provide data about chemical composition or crystallographic structure of 
fibers. Other methods described later can be used to provide supplementary information on size 
or type of fiber. 
 
There are recommended specifications for some parameters which are crucial for the comparing 
of the acquired data. For example, size of the pores in the filters should not be too small to cause 
an obstruction for the pump and yet not too big to let the fibers fly trough. Using filter with grid 
can help in the position identification and can be an indicator of an error in filter mounting when 
distorted. Filters used in the experiment should undergo a minimal exposure to the environment 
outside of the experimental setup and therefore, should be opened directly before the use and 
sealed immediately afterwards. Crushing and vibration should be eliminated during the 
transport and storage. Contamination should be minimized by use of clean holders, cowls, areas 
with no fiber contamination and importantly, during the whole experiment filters should be 
handled with special care. 
 
It is important to ensure that the density of fibers deposited on the filters stays approximately 
in the range from 100 to 650 fibers/ mm2. The upper and lower limits may be extended but it is 
necessary to take into consideration the fact that the counts for high densities usually become 
underestimated and for low densities overestimated. The correct fiber density is achieved by 




Preparation of the filters for evaluation requires exposure of the filter to acetone vapors, 
subsequent condensation leads to collapse of the filter pores and the filter becomes transparent. 
It is then mounted to a glass slide and contrast liquid is added.   
 
Because this method is based on optical microscopy its crucial to use the correctly set 
microscope. Firstly, to provide most accurate information about the number of fibers and 
secondly to allow interlaboratory validation. To achieve good counting results G-22 Walton-
Becket graticule (Figure 8) is specially designed for this purpose. It defines the area of interest 
in which the fibers are counted and provides reference image and dimension scales for sizing 
the fibers.   
 
Figure 8: Walton-Becket graticule (Who, 1997). 
One of important factors when choosing the best method for evaluation of particle deposition, 
concentration or any other factor is accuracy. However, for this method, accuracy cannot be 
assessed because the “true” fiber concentration of given dust cloud is not known. Though, the 
goal is to provide the most relevant output data. It can be achieved by reduction in statistical, 
systematic and subjective variations. The data acquired by membrane filter method are reliable 
only when the points of quality assurance program have been properly followed (Who, 1997). 
 
Manual counting and subjective errors caused by the microscopist can be overcome by a novel 
approach implemented into PCOM. Filters are imaged in gray scale with high resolution camera 
connected to the microscope with phase contrast. The manual counting is then substituted by 
the use of novel software. In order for the software to identify and count the fibers correctly, 
images have to undergo analyses consisting of six main steps mostly to enhance the contrast 
and remove non-fiber objects. Although, the most important task is to keep quality and purity 
of the filters at the highest possible level, because the software cannot distinguish fibers from 
other objects, and in the case of low quality, the traditional method of manual counting needs 




Membrane filter method cannot be used to differentiate between fiber types. For the knowledge 
of different types of fibers in the sample, different forms of microscopy have to be used. 
Polarized light microscopy (PLM) is the cheapest technique for obtaining information about 
fiber characteristics. The fibers in this method must have at least 1 µm in width. Additional 
information can be provided by more expensive Electron microscopy technique. Combination 
of Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDXA) can 
normally be used to characterize fibers greater than 0.2µm in width. Analytical transmission 
electron microscopy (TEM) is acknowledged as the most expensive yet the most accurate 
method to examine crystalline inorganic fibers with width down to 0.01µm and provides 
information about their structure and chemical composition (Who, 1997). 
 
3.2 Fluorescence imaging  
 
Disadvantages connected to using radioisotopes in imaging methods can be overcome using 
Fluorescence imaging (FLI) (Nahar et al., 2013). FLI is built on energy absorption which comes 
from an external excitation light. Particles are tagged with fluorescence imaging agents such as 
green fluorescent protein, red fluorescent protein and organic/inorganic fluorescent dyes. This 
method analyses a propagation of nonionizing radiation light photons. (Park et al., 2012).  
After the deposition in vivo, images are taken and imported into image analyzer for particle 
quantification. For in vivo measurement, problems with scattered, reflected and absorbed 
fluorescent light can occur. For in vitro measurement, fluorescent particles are usually rinsed 
out using prepared solution and the relative concentration of fluorescent tracers is measured by 
fluorometer (Zhou et al., 2011).  It is important to note that for testing to be relevant, fluorescent 
particles with linear connection between their concentration and intensity of fluorescence have 
to be chosen (Belka et al., 2014). FLI can be a simple and economical substitute when other 




4 Other methods 
 
4.1 Magnetic resonance imaging  
 
For a long time, Magnetic resonance imaging (MRI) has been used to image lung tissue, 
ventilation and to provide anatomical information for combination with data obtained from 
other imaging methods to create multimodal systems (Park et al., 2012). 
 
Use of MRI has a significant advantage over methods such as SPET or PET because it lacks 
the problems associated with radiolabeling the substances, problems with safety and necessary 
expertise for running the experiments. Imaging methods using radionuclides have brought more 
clarity into the understanding of the aerosol deposition, however, these methods are limited by 
the use of radiation. Therefore, the techniques which do not require use of radionuclides come 
to consideration. MRI is one of them (Nahar et al., 2013). 
 
Nuclear magnetic resonance (NMR) phenomena is applied in MRI. It is based on the use of 
nonionizable radiation, several diverse intrinsic tissue contrast mechanisms and 2D and 3D 
arbitrary orientations. Generation of the images is based on the signal acquired from nuclei with 
either full or half integer values of spin proportional to its angular momentum, which is  
a consequence of an odd number of protons and/or neutrons, as found in e.g.: 1H, 3He, 15Na. 
MRI is mostly based on imaging of hydrogen atoms that are found in the majority of body 
tissues (Thompson and Finlay, 2012). For the imaging of ventilation and aerosol delivery in 
lungs a hyperpolarized 3He or 129Xe gases are used. They can produce a higher level of 
polarization and therefore, are better for imaging than water protons. In order for the gases to 
produce an increased polarization efficiency, laser light is needed to increase the energy of the 
nuclei (Nahar et al., 2013). 
 
MRI can also be used for imaging of superparamagnetic iron oxide particles. In this case, a 
detection via direct perturbation of the static magnetic field is used and not the mechanism of 
T1 (longitudinal relaxation time constant) or T2 (transverse relaxation time constant) times 
reduction which is much more common. For the T1, T2 approach in the MRI imaging, two 
perpendicular magnetic fields are used: static external homogenous magnetic field (B0) and 
radiofrequency (RF) electromagnetic field (B1). Magnetic momentum (represented by vector 
M) in the sample or region of interest is first aligned by B0 field (Figure 9(A)), afterward B1 is 
applied perpendicular to the B0 and if a correct frequency is used, M is excited from its position 
and starts to rotate in transverse x-y plane (Figure 9(B)). Each atom has its own gyromagnetic 
ratio calculated for specific intensity of magnetic field and from this ratio it is possible to 
calculate an own frequency of atom which is necessary for the magnetic momentum to be 
excited. Magnetization of excited momentum can be afterward detected via RF electromagnetic 
field which is detected as a current by the receiver antennae (Figure 9(C)). Localization of the 
signals in the space is provided by magnetic field gradients. Frequency spectrum of the received 
signals is directly related to the distribution of chosen nuclei in the space. The same but more 
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Figure 9: Illustrative simplified principle of NMR (Thompson and Finlay, 2012). 
 
In MRI (Figure 10), the contrast agent is used as a surrogate marker for aerosol deposition. This 
means that just like in SPECT, MRI only provides information about the contrast agent 
deposition. The same incorporation of the tracer into the drug like in PET imaging would be 
necessary to enable the imaging of drug delivery (Thompson and Finlay, 2012). 
 
The future of the MRI for the study the of deposition depends on progress in the contrast agent 
development. More work and reduction in trace levels is needed, to make it competitive to 
traditionally used radionuclide imaging methods (Thompson and Finlay, 2012).   
 





Gravimetry is one of the typical and simple methods for deposition analysis. It is a process 
where change in mass is used to determine the mass or concentration of the substance. In this 
method, model or the parts of the model are simply weighed before and after the experiment 
using the laboratory microscale (Grgic, Finlay and Heenan, 2004). 
 
This method is relatively easy and affordable, in comparison with methods such as radionuclide 
imaging. On the other hand, deposition can only be assessed in demountable parts of the model 
and focal point of deposition cannot be located. All parts of the model have to fit within the 
used laboratory microscale (Figure 11). For the validation and possibility of repetition, a 
workplace in laboratory has to be protected from direct sunlight, vibrations and air current. 
Constant temperature needs to be guaranteed. When it is not possible to reach the requirements 
of ideal workplace, it is preferable to use other method to avoid the biased deposition results. 
(Lizal, 2012) 
 
Figure 11: Commercial laboratory microscale (capacity of 300 g and  0.00001 g readability) 
(Contech India, 2008). 
4.3 Sampler 
 
Measuring or modeling the full particle size distribution in live subjects or adequate models is 
frequently made by using methods such as PET, SPECT, gravimetry etc. which can estimate a 
deposition fraction in individual segments or total deposition in these models. Samplers can 
evaluate the particle deposition in lung directly. Such samplers can be either used to predict 
total deposition or regional deposition. Total deposition samplers do not provide information 
about the area of deposition in respiratory system, but the data about the total aerosol dose is 
more accurate. In the case when information about the region of deposition is also an important 





Figure 12: Computer-aided design drawing of the RDS holding two foam inserts to match the 
deposition in the head airways (first two green substrates), two foam inserts to match the 
deposition in the tracheobronchial region (next two blue substrates), and nylon mesh screens 
to match the deposition in the alveolar region (last red substrate). 
 
Showed RDS (Figure 12) mimics regional particle deposition in 3 main sections of the 
respiratory tract: head airways, tracheobronchial and alveolar region. To match deposition in 
head airway and in tracheobronchial, two pieces of foam in each section were used. For the 
alveolar region, foam was substituted by the nylon mesh screen due to the unreasonable 
properties suggested for foam by deposition model.  Despite the accuracy for mass-based 
measurement, this method is not suitable for gravimetric analysis due to the foam 
hygroscopicity. The nylon mesh screens also are too large to fit within most commercial 
microbalances.  
 
Fluorescence analysis is used as suitable chemical examination to estimate the aerosol 
deposition. Foam inserts and nylon mesh screens are put into the centrifuge for extraction and 
followed by quantification of the fluorescently labeled particles by excitation-emission 
spectroscopy. Using sampler for deposition analysis is relatively simple, quick and practical. 
RDS provides valid data about deposition for aerosol size distribution resulting from 
combustion, fumes, mists, engineered nanoparticles etc. Biased data may be obtained from 
procedures resulting in large aerosol size distributions (e.g. grinding). In the future, a redesign 
of a holder should be considered to minimize the losses. Despite the simplicity of this method, 
one of the main disadvantages is the necessity to redesign the sampler, in order to cover different 




The use of modelling methods for study of airflow and particle deposition can make a 
significant difference in understanding of the deposition and delivery of drug particles or 
27 
 
pollutants into the human lung. However, validation of such acquired data is necessary. Due to 
poor quality of the information from experimental studies the use of this method has been 
limited. Present improvement in 3D imaging methods provides opportunity for more 
experimental data and thus necessary validation of these computer deposition models. (Fleming 
et al., 2015).  
 
Inhalation of radioactive aerosol by human subjects always causes concerns about safety. 
Modelling overcomes this problem, moreover, it can provide information about local deposition 
patterns which can be obtained from in vivo experiment only with less accuracy. Another good 
reason for implementing deposition modeling is the need for understanding of particle 
deposition in all members of population and all age groups where experimental studies are not 
always permitted due to ethical considerations or not feasible for health reasons and different 
breathing conditions. It allows modeling of different lung volumes, particle sizes and breathing 
parameters while the experimental data refers only to specific human subject and defined 
inhalation conditions.  
 
Current models for particle deposition can be grouped into four categories. Two categories refer 
to the area of interest in the lung and another two refer to the methods for predicting the rate of 
deposition and transport of inhaled particles.  
 
Whole lung and local scale approach  
 
First category is dived into whole lung models and local scale models. 
In the whole lung models, deposition and transport of inhaled particles are treated independently 
due to extreme complexity of the airway system. Whole lung approach is solved by analytical 
models. Therefore, analytical equations are used for particle deposition in individual models 
(Hofmann, 2011). These models employ simple lung geometry and the equations for 1D 
transport. They provide information about total and regional lung deposition of inhaled 
particles.  
 
Deposition models in whole lung approach can be divided into two main categories: 
empirical/semi-empirical and mechanistic models. 
 
In the empirical and semi-empirical models, respiratory tract is considered as the numerous 
anatomical compartments in row through which aerosol passes during the breathing period 
(Figure 13). The efficiency of deposition in each compartment is derived from experimental 
data and these compartments are treated as filters. Usefulness of these models is in their 




Figure 13: Example of empirical representation of inhalability and deposition of particles in 
human respiratory tract by passing through numerous filters (Hofmann, 2011). 
Mechanistic models use more complex structure, physiology and mathematical equations 
therefore deposition is calculated based on more realistic structure (Rostami, 2009). There are 
different types of such models. Few of them are for example:    
 
One-dimensional cross-section model 
One-dimensional cross-section or ‘‘trumpet’’ model simplifies the airway system in a 1D, 
variable cross-section channel. Individual cross-sections are dependent on the number of the 
generation of a given symmetric lung model. Hence each airway branch within a given 
generation has identical dimensions and is characterized by its axial distance from the origin of 
the trachea. Drawback of this approach is its inability to simulate the asymmetry of the human 
airway. On the other hand, this model includes exact mathematical formulations and adding 




Figure 14: One dimensional cross-section or “trumpet” model (Hofmann, 2011). 
 
Deterministic symmetric generation model 
In this type of models, each airway generation consists of airways with identical dimensions 
and parent airways branch divided into two identical daughter airways. Due to symmetricity, 
deposition fraction is the same for each airway in given airway generation. Their significant 
advantage is the simplicity and short computational times which is the reason for frequent use 
of these models. On the other hand, the prediction of realistic deposition patterns in different 
lung structures which are not symmetric is not possible.  
 
Deterministic asymmetric generation models 
These models provide more relevant information about the particle deposition than 
deterministic symmetric generation models because they are based on real measurement of 
single airways and branches, not only on the average values. Though, complete deterministic 
asymmetric description of the lung is not yet available. Asymmetric models provide another 
few advantages over often used symmetric models e.g. mass balance equations can be solved 
for asymmetric lung structure, more realistic morphology provides better determination of 
average deposition fraction, intra- and inter-subject variations in the lungs can be determined 
thanks to the asymmetry. The main limitation is the lack of morphometric data for the whole 
lung what requires supplementation of measured airway morphometry by structurally different 
deterministic multiple-path models. 
 
Stochastic asymmetric generation models 
For keeping stochastic deposition models up to date, regular revision is made after release of 
new data or mechanism of deposition and clearance. Current models are based on the statistical 
analyses of the acquired morphometric data of the bronchial and acinar airways. Total regional 
and generational deposition in these models is calculated based on a simulation of random paths 
of tens or hundreds of thousands of particles. Since the information about behavior of particles 
within bifurcations is still limited at present to only a few bifurcation models, deposition in 
individual airways is based on the average behavior of an ensemble of particles as given by 
analytical equations. To reduce calculation times and costs, deposition of particles is substituted 
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by decreasing its statistical weight instead of starting the process from the entrance into the 
lungs. 
 
Stochastic deposition models use the most realistic structure of human airway system, therefore 
allowing deposition fractions for intra- and inter-subject variability to be quantified. However, 
it is important to note that that stochastic geometry was obtained from single lung measurement 
and may not provide representative information for all subjects, although this is problem of all 
presently used morphometric lung models. (Hofmann, 2011) 
 
In the local scale approach, numerical CFD (Computational Fluid and Particle Dynamics) 
methods can be used for solving deposition and transport in selected parts of human respiratory 
tract (Hofmann, 2011). CFD models implement a detailed 3D fluid flow and particle transport 
equations in contrary to simplified transport theory and help of previous experimental data used 
for whole-lung models. Thanks to separation of lungs into small elements, detailed information 
about local deposition can be acquired by this method (Rostami, 2009). 
 
Lagrangian and Eulerian approaches 
 
Second category comprises Lagrangian and Eulerian approaches. It is possible to find all 
combinations of Lagrangian, Eulerian, whole lung and local scale approach in the literature 
(Hofmann, 2011). 
 
In the Eulerian approach, particles are not tracked individually but as a mass of particles. This 
population of particles is tracked through the airway and deposition in an investigated airway 
generation is calculated as the difference between the number (mass, or concentration) of the 
incoming or outgoing particles (Hofmann, 2011). It is preferable to use this approach mostly 
for ultrafine particles where inertia is unimportant otherwise the modifications to the approach 
are necessary. The Eulerian method is also common for the high concentrations and small mean 
diameter of particles (Rostami, 2009). 
 
In the Lagrangian approach, single (representative) particles are tracked. For example, to 
simulating particle trajectory in airway bifurcation a few tens of thousands of simulations have 
to be done, in order to calculate average deposition fractions, efficiencies and deposition 
patterns (Hofmann, 2011). Not taking into account Brownian motion (significant mostly for 
ultrafine particles) into the equations automatically makes this method more suitable for larger 
particles (greater than 0.3 µm). Just like in Eulerian approach the corrections may be applied to 
adapt this method to other required parameters (Rostami, 2009). 
 
Mostly used in Lagrangian approach, there are different techniques for solving the turbulent 
flow equations in these silico models e.g. DNS (direct numerical simulation), LES (large Eddy 
simulation) or RANS (Reynolds averaged Navier–Stokes) equations (e.g. the k–Ԑ or k–ω 
turbulence model equations). DNS is the most precise method that can be used for turbulent 
flow simulations, nevertheless, it requires long computational times and sufficient hardware 
equipment. LES discards the smallest scales of motion and therefore it feasible for calculations 
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at higher Reynolds number that DNS although the loss of small scale structures may affect the 
calculation of very small particles in Lagrangian approach. RANS is preferably used in CFD 
simulations due to its simplicity and significant reduction of computational cost. This method 
is not as robust as the previously mentioned ones and does not provide such detailed 
information, hence is suitable for a complex geometry e.g. mouth-throat, to decrease the 
expenses and time necessary for the calculations (Matida et al., 2004). 
 
With the technology moving forward every day, even very costly methods such as DNS and 
LES are getting more affordable, allowing in silico models, based on computational Fluid 
Dynamics (CFD) to provide scientists with more detailed information, in the experiments with 




5 Experimental setup 
 
Figure 15: Segment and tube number organization of idealized  lung model (left)(Lizal, 2012) 
and Realistic lung model (right) (Lizal et al., 2012). 
 
Experiments analyzed in this work were performed for two flow rates and two types of model 
geometry (Figure 15). Two realistic and one idealized model were used for measurement of 
15L/min flow rate with steady-state inhalation mode. One realistic and one idealized model 
were subjected to 60L/min flow rate with steady-state inhalation mode. All experiments were 
performed with liquid monodisperse particles of 1µm mass median aerodynamic diameter. 
 
The first step of the preparation was to assemble a model of the respiratory tract. The 
manufacture and properties of the model have been described by Lizal et al. (2012) and Lizal 
(2012). The model consists of the oral cavity and the following seven generations of tree 
branching (TB). Model also has 10 terminal endings (see Figure 15). Model can be divided into 
sections to enable the measurement of aerosol deposition by methods such as optical 
microscopy, gravimetry, fluorescence imaging etc. Realistic lung model was fabricated by 




Figure 16: Layout of the experimental setup (Lizal et al., 2012). 
 
Layout of experimental scheme is shown in (Figure 16). For the measurements, aerosol particles 
were generated by a TSI 3475 Condensation Monodisperse Aerosol Generator(CMAG). PET 
measurement which was used for analysis of the particle deposition requires radioactive 
aerosol. Fluorine 18 was chosen as the positron emitter due to its appropriate half-life (109 
min). The modified CMAG was used to minimize the ionizing radiation in the laboratory. The 
produced aerosol was fed through an 85Kr-based NEKR-10 charge equilibrator and afterward 
into a PAM aerosol monitor for continuous particle size and concentration measurement. Glass 
fiber Millipore AP40 filters were attached to the output branches of the model. The whole 
system was sealed in a plastic bag kept in a vacuum to prevent the leakage into the laboratory. 
All the terminal branches with flow meters for flow rate control were united into one branch 
with a protective high efficiency particulate air (HEPA) filter. Configuration of the flow rates 
through individual branches is shown in Table 1. Detailed information about the flow rate 
arrangement can be found in Lizal (2012).  
 
 
Table 1: Configuration of flow rates through the branches of the models used for the 




The whole experiment took place in a protected laboratory with an underpressure ventilating 
system, to prevent the escape of aerosol in case of a primary safety system failure. The 
exposition time of the models was 10-15 min depending on radioactivity decrease caused by 
decay of radionuclide. After the radioactive exposure, the model was transported to a PET-CT 
scanner. The transportation took approximately 3 min.  CT images were made first, quickly 
followed by PET images acquirement. The CT images were required to make a precise 
localization of the edges of the sections, while the PET images contain the key information 




6 Methodology  
 
6.1 Work in CARIMAS  
 
Experimental data for the analysis was acquired by CT and PET scanning, described in the 
previous part.  CT scans containing information about the anatomy of the human lungs model 
and PET scans containing information about the radionuclide deposition were uploaded into 
the software CARIMAS 2 for further investigation.  
 
Data loaded first into the software are automatically set as a main image. Data loaded afterward 
are set as a background image. For the initial preparation of the model for the analysis having 
CT scans set for main image is preferable due to better orientation in the scans which is 
necessary for correct modeling of volumes of interest (VOIs).  
 
For a better contrast ratio, sharpness and image clearness, it is possible to adjust parameters 
affecting plotting of the loaded scans. For my work, best visual images were achieved when 
setting the rendering method to MIP (Maximum Intensity Projection) which always displays 
the greatest value along the view ray path. Color of the scans was set to gray which makes a 
good contrast with black background. Contrast slider was set to highest possible value. From 
different cut methods SubCube cut method acquitted well. It shows a cube around the selected 
area (focal Point). While zooming towards a location of interest all extra voxels around this 
location are cut away thus providing a better insight. Other attributes were left unchanged at 
default values.  
 
 
Figure 17: Workspace in CARIMAS 2. Coronal and Sagittal slice window, in top part 
respectively. Transaxial and 3D model window, in bottom part respectively. 
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For the deposition to be analyzed, the model had to be divided into VOIs, in which the amount 
of deposited radioactive aerosol can be detected. For the VOI it is possible to choose from 
prerecorded shapes such as cube, cylinder, sphere, half sphere, hollow sphere, tube, plate or 2D 
region of interest (ROI) which masked together with other 2D ROIs forms 3D VOI. 
Shape of the VOI should be chosen to match the area that should be covered the best and to 
minimize additional reshaping. After selecting a suitable VOI shape, the next task is to create 
the VOI in the most appropriate cross sections. By the different editing modes whose icons are 
located on the upper left panel showed as cartoon pictures it is possible to do so. There are four 
different windows in a workspace (Figure 17). The one in the right bottom corner displays the 
model in 3D and is used just for better orientation in the space. For editing and planar insight, 
there are 3 different windows to choose from which display: Coronal, Sagittal and Trans axial 
slice. In the chosen window, we can scroll the mouse wheel or reposition the slider in the bottom 
part of each section to move between the acquired slices. The number behind the slash in the 
upper left corner in each of these three sections indicates the overall number of slices and 
number in front of the slash indicates the current slice. It is useful to choose the slice in which 
the desired area for analysis is clearly visible. If the general mode is chosen (first icon), we can 
simply click on the investigated place in the selected window and the other two windows will 
start showing the slices with corresponding position. Now that model is set in the correct axis 
plane, a new VOI can be created.  
 
Before reshaping the VOI using “vertex” mode it is first important to fit it around the desired 
area by moving it. This is done when the “Whole” mode is chosen in the “EditVoi” section. In 
this mode, it is possible to move, rotate and scale the whole VOI mesh. After this step, 
individual points of the mesh can be moved in “vertex” mode to best match the shape of the 
analyzed area. Distance from the pointer in which vertices will move is controllable by “Vertex 
distance slider”. Vertex slider set on high values is apt to move a large part of the VOI, change 
orientation of curvature, prolong or bend the VOI. Bending is mostly necessary in the case of 
cylinder VOIs. Low values set on vertex slider, accordingly small vertex brush, are good for 
adjusting the ends or smaller parts of the VOIs so that the whole investigated object is covered 
(approximately 5 mm above the surface coverage was performed to cover all of the radiation 
emitted from the section) but also to avoid coverage of other close objects. After casing the 
whole model with the VOIs, model is prepared for analysis. The program automatically 
calculates the mean activity (and other values such as lowest and highest activity, volume, etc.) 
of covered areas and displays the obtained values. Such acquired data is ready for further 
calculations of deposition characteristics. When the VOIs for the model are finished, it is 
possible to save them and import them to another model of the same type (realistic, idealized) 
to minimize the differences in measured activities due to change in VOI shape and volume. 
This approach was also used for the analysis of data in this bachelor thesis.  
 
6.2 Deposition characteristics  
 
With the use of Carimas software (see previous part) mean volume activities (in Bq/mL) for the 
individual sections were estimated. However, it was not possible to cover all model sections 
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with 5 mm overreach of the VOIs, due to complicated lung geometry. Thus, corrections (one 
for filters and other for the rest of the model) had to be made to take uncounted radioactivity 
into consideration. For calculating correction factors, VOIs around all the filters and the rest of 
the model were made. Two corrections were needed due to large difference of activity in the 
filter and lung model part. Correction for the filters (Corrf) and for model part (Corrm) were 













   (2) 
 
where Acf, Acm are activities in correction VOIs and Aj , Ai are activities in individual sections. 
Total number of filters is represented by p and total number of sections by n. Corrected activity 
of filters and model parts can be afterward calculated as  
𝐴𝑗
∗ = 𝐶𝑜𝑟𝑟𝑓 𝐴𝑗  (3) 
 
𝐴𝑖
∗ = 𝐶𝑜𝑟𝑟𝑚 𝐴𝑖  (4) 
 The asterisk (*) marks data which has been corrected. If the correction factors are unreasonably 
larger or smaller than number 1 it may indicate aerosol leak or other errors in the experiment.  
 
Corrected activities can be used to calculate deposition characteristics. Deposition fraction (DF) 
is defined as a ratio of number of particles deposited in the section to total number of particles 
in the whole model. The number of particles is assumed to be proportional to measured activity 







   (5) 
where m total number of all sections including hoses and filters.  
 
Comparing deposition in segments based on DF can provide misleading information because 
the amount of aerosol passing through the segments is different. Therefore, deposition 
efficiency (DE) can be used to provide more reliable data for inter-segment comparison (Lizal 
et al., 2012). DE is defined as ratio of the number of particles deposited in the section to the 






∗   (6) 
where Af  is sum of corrected activities in all the sections which come after ith section (including 
filters).  
 





   (7) 
where Si (m




These characteristics are usually plotted vs. segment number. Though, when the significant part 
of deposition mechanism is predicted to be inertial impaction, DE can also be plotted as function 
of Stokes number  




   (8) 
Where dp (µm) is the aerodynamic particle diameter, U (m/s) is the velocity, µ (Pa s) is air 
viscosity and D (m) is the characteristic diameter of airway. Aerodynamic diameter is defined 
as diameter of a sphere with density of 1000 kg/m3 which has the same settling velocity as the 






As mentioned before, two realistic and one idealized model were used for measurement of 
15 L/min flow rate with steady-state inhalation mode. The average value from two 
measurements of 15 L/min flow in realistic geometry is consequently used in graphs. One 
realistic and one idealized model were subjected to 60L/min flow rate with steady-state 
inhalation mode. Mass median aerodynamic diameter of the particles used for all the 
experiments was 1µm. 
 
Realistic model of human lungs is in all following graphs marked with letter “R” and the 
corresponding flow rate and particle aerodynamic diameter respectively. Idealized model is 
referred to as “Id”, flow rate and particle aerodynamic diameter respectively. Sections of the 
model are marked as previously shown in (Figure 15). Filters in the realistic model are marked 
with numbers 23 to 32 and the second digit always corresponds to the number of segment after 
which the filter follows (filter 23 follows segment 13, filter 31 follows segment 21 etc.). Filters 
in idealized lung geometry are directly named after the tube they connect to (filterT5 connects 
to the tube T5 etc.). Error bars represent the maximal difference found between the two 
measurements for 15L/min flow rate in any segments.  
 
Activities calculated based on the analyzed data from Carimas software were corrected by 
correction factors (see part 5.3 Deposition characteristics). The correction factors calculated for 
the filters were very close to 1 for all the experiments, because a larger area between the filters 
allowed the VOIs to be made appropriately. Slight differences could be seen for the model part 
corrections. They were mainly caused by the geometries of the models which contain many 
small parts grouped in relatively small area. This prevented a possibility of 5mm overreach of 
the VOIs. For the values of correction factors and deposition characteristics see appendix A and 
appendix B.  
 
DF was calculated from the corrected activities as a first characteristic. From the graph (Figure 
18), it is obvious that deposition fraction in the segments of the model increases with higher 
flow rate. Higher number of radioactive particles deposited in segment 1 and 2 which stand for 
mouth and trachea respectively, while there are only slight inter-segment differences among the 
remaining segments (segment 3 to 22) for one breathing regime. Largest number of particles 
deposited on filters. Configuration of deposition directly corresponds to amount of aerosol 
passing through the filter which is the same for all performed experiments, including the model 
with idealized geometry. Maximum of deposition is located on filters 25 and 28 and minimum 





Figure 18: Deposition fraction in realistic model. 
For the idealized model on the contrary to the realistic one, DF does not seem to increase with 
increasing flow rate (Figure 19). In the idealized model, bifurcations (Seg 2,3,6,7 and 8) are 
separated from branches, therefore we can observe differences of deposition in these parts. 
Increase of deposition fraction in bifurcations for both flow rates can be noticed. DF in filters, 
as stated before, corresponds to the flow through the filters. Though, it is necessary to mention 
that filters in graphs of idealized model geometry are in different order then filters in the realistic 
model geometry.  
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DE was calculated next. It provides better information for comparing deposition in individual 
segments, because the amount of aerosol entering the segment is taken into consideration. 
Filters are not shown in the graph because based on the definition (see part 5.3 Deposition 
characteristics) they give 100% efficiency.  Highest efficiencies can be observed for the mouth 
and trachea (segment 1 and 2) and for the second part of segments starting with segment 13 
(Figure 20). Increase in segments 13 to 22 is caused by 2 or 3 bifurcations which they consist 
of, thus more particles deposited in these segments. Other inter-segment differences are very 
small. 
 
Figure 20 : Deposition efficiency in realistic model. 
As indicated before in DF graph (Figure 19) also DE in the model with idealized geometry 
shows no notable difference for higher flow rate (Figure 21). Peaks of DE are located in T3, 
Seg 5, T6 and T5 and their DE even highly overcomes DE in mouth and trachea (Seg1, T1). 
 
Figure 21: Deposition efficiency in idealized model. 
DD is another often calculated characteristic. It is a ratio of deposited particles in the segment 
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it tells how much aerosol the tissue absorbs, in that specific section (Lizal, 2012). DD for the 
realistic model is lower for the segments 13 to 22 (Figure 22) which previously had higher DE. 
Lower values are caused by relatively large surface area of these segments.  
 
 
Figure 22: Deposition density in realistic model. 
DD for idealized model, just like the previous characteristics shows no difference for change in 
the flow rate (Figure 23). Peaks of DD are located in segments of the model (Seg 2 to Seg 9), 
which also had the higher deposition fraction.  
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Comparison with other studies 
 
DE was compared to the previously published particle deposition measurements (Figure 24) 
made by Zhou and Cheng (2005). 
 
 
Figure 24: Comparison with previous studies. Empty marks and lines refer to the previously 
acquired data. Modified from (Zhou and Cheng, 2005). 
 
Stokes number (horizontal axis of the graph) is known to describe the probability of particle 
deposition via impaction (Carvalho et al., 2011). For good comparing option, the same method 
for choosing characteristic diameter in calculations of Stokes number was used. DE for the 
realistic geometry is increasing with increasing Stokes number which suggest that inertial 
impaction was predominant deposition mechanism. This data also shows good agreement with 
previous studies. For the idealized geometry, DE does not necessarily increase with increasing 
Stokes number, therefore other deposition mechanisms may be expected to play a significant 
role along with inertial impaction in particle deposition for some regions of the model. Three 
points (blue square marks) which stand out in the graph (Figure 24), are Seg5, T5 and T6 for 







Figure 25: Comparison of deposition fraction with previous studies for realistic model 
geometry. Grey, yellow and blue line with circular marks refer to previous studies. Error bars 
are not displayed to ensure good readability.  Modified from (Lizal, 2012). 
DF was plotted into the graph (Figure 25) with data previously published in (Lizal, 2012). For 
flowrate 15 L/min and 1 µm particles, its DF even exceeds DF for higher flowrate of 30 L/min 
and bigger particles with 2.5 µm aerodynamic diameter which is worth meditation. Largest 
differences in DF can be seen in lower segments (segment 14,15,18,19,21) because smaller 
particles tend to deposit more in lower parts of respiratory tract and additional deposition 
mechanisms get involved in small segment and for low flowrates. The fact that DF for 60 L/min 
and 1 µm particles shows similar or lower DF in lower respiratory tract than experiment 
“R 15 L/min 4.3 µm” is interesting as well. Important reason may be the exponential growth of 
DF with increasing particle size (in our case particle size increased from 1 µm to 4.3 µm) and 
lower flowrate so that more particles reach the bottom part of lung due to better ability to follow 
the streamline. Relatively low airflow (15 L/min) and small branches may then increase the 
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Figure 26: Comparison of deposition fraction with previous studies for idealized geometry. 
Error bars are not displayed to ensure good readability. Light grey and orange lines with 
circular marks represent data from previous studies. Modified from (Lizal, 2012). 
 
Very similar values of DF can be seen for the experiments “Id 60 L/min 1 µm”, “Id 15 L/min 
1 µm”, “Id 30 L/min 2.5 µm”. DF of “Id 30 L/min 2.5 µm” experiment show slightly lower 
values than previously mentioned measurements. DF for filters is not shown due to better 
possibility of segment comparison in the graph and it shows no notable difference between the 
measurements. DF of filters in idealized model can be seen in Figure 19. 
 
7.1 Stability of analysis 
 
All the data presented in this bachelor thesis was obtained using Carimas software. Therefore, 
either for the accuracy of this or future studies it is important to make sure that the analyses in 
the software provide reliable data. As mentioned in previous chapters, corrections had to be 
applied on the acquired activities. The reason for the corrections was inability to cover all 
segments with overreach due to very small distance between some parts of the model. This 
problem was even worse for the model with idealized geometry, which consists of more parts 
in a small area. Many VOIs had to be made close to each other, while it is necessary to avoid 
accounting some activity twice. Additional factors affecting corrections and overall accuracy 
of the output, when talking about software is for example the size of the voxel in the Carimas 
software and inability to display borders of the VOIs for two and more VOIs selected at once, 
which makes positioning the VOI to its correct place even more difficult. Few precautions were 
made to provide reliable data. To avoid some systematical error and to confirm the stability of 
Carimas software all CT and PET scan were made twice. The first scan was made as soon as 
possible after exposing the model to the radioactive aerosol and the results from this 
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caused significant decrease of activity but should not affect deposition characteristics, when 
analyzed correctly. The results of the scans can be seen in Figure 27 and Figure 28. 
 
 
Figure 27: Comparison of DF in first and second scans made for realistic model geometry. 
 
 
Figure 28: Comparison of DF in first and second scans made for idealized model geometry. 
First and second scans show a very good agreement and confirm the stability of repeated 
analyses. To prevent errors made by person processing the scans, all experiments have been 
analyzed by another trained person. Presented data and correction factors for all measurements 
showed a good agreement. For the comparison of correction factors in the main and control 
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8 Discussion  
 
In the realistic geometry models, all calculated deposition characteristics increased significantly 
with increasing flow rate. In general, higher flow rate results in higher DE. This assertion was 
true in our case. Confirmed by the increasing DE with increasing Stokes number, inertial 
impaction can be referred to as a main deposition mechanism.    
 
More noteworthy results were obtained for the idealized geometry. Increase of flow rate from 
15 to 60 L/min caused only slight increase of deposition characteristics, mostly in the upper and 
middle parts of airways. DF in lower parts of respiratory tract (segment 6 to 9 and T13 to T18) 
(Figure 19), was similar or even higher in some segments for 15 L/min flowrate. DE was highest 
for the parts with lowest flow rate (T3, Seg 5, T6 and T5) (Figure 21). It means that higher 
velocity of aerosol does not cause more particles to deposit in the model. This statement is 
confirmed by the fact that DE does not increase with rising Stokes number, therefore inertial 
impaction is not the main deposition mechanism. Very slight increase of deposition 
characteristics may be explained by low Stokes numbers (lower than 0.001 in majority of 
segments), which mean that particles follow the streamline and do not deposit. Low rise of 
deposition, in comparison with realistic model, is also caused by glass tubes used for the 
idealized model. These glass tubes have almost no surface roughness, straight axis and diameter 
within one tube is constant, therefore, for the very same region (the same particle size and 
flowrate), realistic model has slightly higher Stokes number. Slight increase of the deposition 
in the small parts of the airway (lower respiratory tract) and for lower flowrate (15 L/min) 
indicates effect of sedimentation. This minor increase is visible also in the model with realistic 
geometry. Overall low deposition in the model is also a consequence of particle diameter. DF 
is lowest for particles with diameters from 0.1 to 1 µm due to decreasing mass, thus descending 
influence of sedimentation and yet low influence of diffusion, due to relatively large 
diameter(Asgharian et al., 2006).  
 
What should be raising the awareness is the low DF of the experiment with 30 L/min airflow 
and 2.5 µm particles, compared to current study. For realistic model geometry, experiment 
“R 30 L/min 2.5 µm” shows very similar DF to “R 15 L/min 1 µm” (Figure 25).  For the same 
flow rate and particle size, DF in idealized geometry for “Id 15 L/min 1 µm” experiment is even 
higher than DF of “Id 30 L/min 2.5 µm” (Figure 26). This resemblance in deposition may be 
partly explained (as mentioned in the previous paragraph) by low Stokes numbers (in this case 
lower than 0.01) which mean that particles follow the streamline. Since this fact explains the 
similarities just partially, at this point in time, it is not possible to clearly say what exactly 
caused such results and it is certainly necessary to repeat these measurements more times to 
provide a valid statement. Few of the measurements were already performed, however, the data 
has not been processed yet. Another one of the possibilities, of such low deposition 





9 Conclusions  
 
In the presented study, analyses of deposition of inhaled particles in the model of human lung 
were performed. Two types of model geometry and two types of airflow were applied, particle 
diameter remained the same. Resulting deposition characteristics were calculated from 
volumetric radioactivity and data was analyzed.  
 
The main outcomes of this thesis include the detailed information about the deposition fraction, 
efficiency and density in studied geometries and the process of obtaining these values. We can 
state that the change in the flowrate has very insignificant influence on deposition in the 
idealized geometry compared to the realistic one. It is obvious that all results obtained for 
idealized model are very significantly affected by the simplified geometry (especially the 
smooth walls and constant diameter of tubes). In the comparison with data from previous 
studies, surprising values of the deposition fraction could be observed for both geometries. It is 
necessary to continue in further investigation to present conclusions. Effect of inertial impaction 
was lower compared to previous experiments as the 1 µm particles managed to follow the 
streamlines due to the low Stokes numbers. This effect was more pronounced in the idealized 
model, due to the simplifications of the geometry. Additional rise of activity in small airways 
and for low flowrates, in both geometries, is an effect of sedimentation, which becomes 
important mostly in such conditions. For the realistic geometry, predominant deposition 
mechanism was inertial impaction. 
 
Good stability of the analysis, in the used software, was confirmed by repetition of scanning 
procedures, after some time delay, and repeated analyses of these scans as well as performing 
the same analyses independently by another trained person. Therefore, it is safe to say that for 
the carefully performed experiments and analyses made by a trained person, good reliability of 
results can be reached by use of this software.  
 
Further attention should be paid to aerosol behavior in the respiratory tract in the future. 
Experiments with different particle sizes, flowrates and breathing regimes should be performed, 
to provide enough information applicable for the comparison with previous studies and for 
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